Papillary lesions of the breast have an uncertain relationship to the histogenesis of breast carcinoma, and are thus diagnostically and managerially challenging. Molecular genetic studies have provided evidence that ductal carcinoma in situ and even atypical ductal hyperplasia are precursors of invasive carcinoma. However, papillary lesions have been seldom studied. We screened papillary breast neoplasms for activating point mutations in PIK3CA, AKT1, and RAS protein-family members, which are common in invasive ductal carcinomas. DNA extracts were prepared from sections of 89 papillary lesions, including 61 benign papillomas (28 without significant hyperplasia; 33 with moderate to florid hyperplasia), 11 papillomas with atypical ductal hyperplasia, 7 papillomas with carcinoma in situ, and 10 papillary carcinomas. Extracts were screened for PIK3CA and AKT1 mutations using mass spectrometry; cases that were negative were further screened for mutations in AKT2, BRAF, CDK, EGFR, ERBB2, KRAS, NRAS, and HRAS. Mutations were confirmed by sequencing or HPLC assay. A total of 55 of 89 papillary neoplasms harbored mutations (62%), predominantly in AKT1 (E17K, 27 cases) and PIK3CA (exon 20 4exon 9, 27 cases). Papillomas had more mutations in AKT1 (54%) than in PIK3CA (21%), whereas papillomas with hyperplasia had more PIK3CA (42%) than AKT1 (15%) mutations, as did papillomas with atypical ductal hyperplasia (PIK3CA 45%, AKT1 27%, and NRAS 9%). Among seven papillomas with carcinoma in situ, three had AKT1 mutations. The 10 papillary carcinomas showed an overall lower frequency of mutations, including 1 with an AKT1 mutation (in a tumor arising from a papilloma), 1 with an NRAS gene mutation (Q61H), and 2 with PIK3CA mutations (1 overlapping with the NRAS Q61H). These findings indicate that approximately two-thirds of papillomas are driven by mutations in the PI3CA/AKT pathway. Some papillary carcinomas may arise from these lesions, but others may have different molecular origins.
Papillary lesions of the breast are quite common, but remain enigmatic in terms of their pathogenesis and managerial implications. Papillary breast lesions are characterized by fibrovascular stalks lined by epithelial cells, residing in cystically dilated ductal spaces. Papillomas are lined by two cell types: myoepithelial cells situated along a basement membrane and overlying epithelial cells, which may harbor any architectural or cytologic arrangement seen elsewhere in the breast, including mild to florid hyperplasia, columnar cell change, atypical ductal hyperplasia, ductal carcinoma in situ, or lobular neoplasia. In contrast, papillary carcinoma is conventionally defined by the lack of myoepithelial cells along fibrovascular stalks. Historical studies show that papillomas lacking cytologic atypia are associated with an approximately twofold risk of subsequent breast cancer, similar to that seen with usual ductal hyperplasia/proliferative fibrocystic disease.
1 However, the management of papillary lesions on needle core biopsy is difficult given the potential for epithelial variability across such lesions (sampling artifact), and there remains poor understanding of the pathogenetic implications of papillary lesions.
Relatively few studies have characterized molecular or cell-biologic aberrations in papillary lesions of the breast. Noguchi and colleagues 2, 3 showed that papillomas are clonal by studying patterns of X-inactivation, thus allowing their classification as papillary neoplasms. Several subsequent studies looking at large-scale chromosomal alterations (using methods of fluorescence in situ hybridization, loss of heterozygosity, and comparative genomic hybridization) have generated conflicting data regarding the presence or frequency of alterations in benign papillary lesions. [4] [5] [6] [7] [8] [9] Thus, it is unclear whether papillary neoplasms harbor genetic changes common to the pathways of breast cancer progression, and it remains undetermined whether papillary lesions represent precursors of breast carcinoma.
Recent studies have shown that point mutations in known tumor-suppressor genes and protein kinases are present in some breast cancers; however, they have been little studied in proliferative or precursor lesions. The gene encoding the phosphoinositol-3-kinase catalytic subunit (PIK3CA) is one of the most frequently mutated genes in breast carcinoma, with activating mutations identified in approximately one-quarter of studied cases (range 8-40%), and these mutations are present at the stage of ductal carcinoma in in situ. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The vast majority of mutations are located in 'hotspots' in exon 9 (helical domain) and exon 20 (kinase domain), with small numbers of mutations identified in other exons. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Phosphoinositol-3-kinase is activated in response to receptor-tyrosine kinase signaling at the cell membrane, and acts through a cascade to phosphorylate AKT, itself a kinase. Activating mutations in the pleckstrin-homology domain of AKT1 have been identified in approximately 4% of invasive breast cancers (range 1.5-8%). 19, [21] [22] [23] Activation of the PIK3CA/AKT pathway signals through mTOR to promote protein translation and cell cycling, and other effectors participate in regulation of transcription, apoptosis, cellular metabolism, etc.
11,24-26 PIK3CA/AKT signaling is engaged in cross talk with several intracellular cascades, including RAS and estrogen receptor pathways. 11, [24] [25] [26] Given the frequency of PIK3CA and AKT1 mutations in invasive and in situ breast carcinoma, we investigated the mutational status of papillary neoplasms as a means to study their pathogenetics, and thus their role as putative precursor lesion in breast carcinogenesis.
Materials and methods

Papillary Lesional Tissue
This study was approved by the institutional review boards at Oregon Health & Science University, and Kaiser Permanente Northwest, Portland, OR. The computerized files of Oregon Health & Science University (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) and Kaiser Permanente Northwest (2005) (2006) (2007) (2008) were searched for breast specimens containing papillary lesions; core needle biopsies were excluded. All cases were reviewed by a pathologist with interest in breast pathology (MLT), and appropriate blocks from cases with adequate lesional tissue were selected. The greatest cross-sectional diameter was measured on representative slides (to the nearest mm, perpendicular to the involved duct).
Papillary lesions were evaluated histologically and categorized as follows. Papillomas were defined as arborizing fibrovascular stalks lined by at least two layers (myoepithelium and epithelium) of nonatypical epithelial cells, within dilated ductal/ cystic space. Papillomas with atypical ductal hyperplasia were defined as papillomas in which the overlying epithelial proliferation showed cytologic atypia, but did not meet cytologic and architectural criteria for ductal carcinoma in situ;
27 papillomas with ductal carcinoma in situ were diagnosed without regard to proposed size criteria. 28 Papillary carcinoma was defined as a papillary proliferation lacking myoepithelial cells along papillary fibrovascular stalks. For the purposes of the study, lesions showing focal loss of myoepithelial cells were diagnosed as papillary carcinoma arising in a papilloma, and we used p63, calponin, or smooth muscle myosin heavy-chain immunohistochemical staining to highlight myoepithelial cells in select cases. 1, 28, 29 Solid papillary carcinoma was defined as described by Maluf and Koerner.
1, [28] [29] [30] In addition, the extent of epithelial hyperplasia was recorded as mild (epithelium 2-3 layers thick), moderate (epithelium 43 layers thick), or florid (spaces between fibrovascular cores completely filled by epithelial proliferation) using standard criteria, 31 and the presence of columnar cell change or apocrine metaplasia was also recorded. One nipple duct adenoma with moderate hyperplasia was also included (benign papillary category). The presence of in situ or invasive carcinoma elsewhere in the breast specimen, not involving the papillary lesion, was noted.
Preparation of DNA Extracts
Formalin-fixed paraffin-embedded tissue sections were cut at 7 mm onto glass slides. Using an H&E-stained section as template, areas of papillary lesion were dissected using a clean scalpel blade, then deparaffinized with successive xylene and ethanol washes. DNA was extracted using the Qiagen DNA Mini Kit (Qiagen, Valencia, CA, USA).
Mutation Screening
The Sequenom MassARRAY system was used to screen for mutations. In brief, this system involves PCR amplification of sequences of interest, followed by primer extension and mass spectrometry (MAL-DI-TOF MS) as previously detailed. 32 Assays were derived from the Sequenom OncoCarta panel (Sequenom, San Diego, CA, USA) and were validated in the laboratory. The majority of cases were first run on a mini panel encompassing mutation assays for PIK3CA exon 4 (N545K) and exon 20 (H1047R/L), and AKT1 exon 2 (E17K); cases without identified mutations were then screened with the full OncoCarta panel. PCR-amplified DNA was cleaned using EXO-SAP (Sequenom), and primer was extended by TYPLEX chemistry, desalted using Clean Resin (Sequenom), and spotted onto Spectro-CHIP II matrix chips using the MassARRAY Nanodispenser RS1000 (Sequenom). Chips were run on a Sequenom MassARRAY MALDI-TOF system. Sequenom Typer software and visual inspection were used to interpret mass spectra. Four cases were not screened on Sequenom, but were primarily analyzed by HPLC WAVE and direct sequencing (two cases of papilloma with ductal carcinoma in situ, one papillary carcinoma, one nipple duct adenoma, see below). Four cases that failed to spot on the Sequenom chip were assayed similarly (one case each of papilloma, papilloma with hyperplasia, papilloma with atypical ductal hyperplasia, and papilloma with ductal carcinoma in situ). There was no difference in size of papillary lesion in cases assayed as wild type vs mutant.
Confirmation of Mutations
PIK3CA exons 9 and 20, and AKT1 exon 2 were amplified by PCR using primers as previously described, using TAQ polymerase (Expand High Fidelity PCR System, Roche, Indianapolis, IN, USA), with parallel positive and negative controls. 20 PCR products were run on a Transgenomic WAVE HPLC system (Transgenomic, Omaha, NE, USA; melting temperature determined empirically for each primer pair). 20 Alternatively, mutations were confirmed by direct sequencing on an ABI3130 sequencer using the BigDye Terminator method.
Immunohistochemical Staining
Unstained sections (5 mm) were prepared on charged glass slides, and stained immunohistochemically for estrogen receptor using standard protocols on a Ventana BenchMark XT automated platform (Ventana, Tucson, AZ, USA) with rabbit monoclonal antibody SP1 (Ventana). Results were scored semiquantitatively blinded to gene mutation status (by MLT), including both intensity (0, negative; 1 þ , weak; 2 þ , moderate; and 3 þ , strong) and estimated percentage of nuclei labeled. A product score was calculated by multiplying percent positive nuclei by intensity.
Statistical Analysis
The correlation of PIK3CA and/or AKT1 mutational status to histologic type was analyzed by Fisher's exact test (two-tailed) using the Statview program (SAS Institute, Inc., Cary, NC, USA). A P-value of 0.05 was considered significant.
Results
Papillary Lesions
Papillary breast lesions with adequate tissue for analysis were identified from the files of Oregon Health & Science University and Kaiser Permanente Northwest. The study group consisted of 89 papillary lesions, including 61 papillomas without atypia or carcinoma; of these 33 had moderate or florid epithelial hyperplasia. Eighteen papillary lesions had atypia within the epithelial component, including 11 papillomas with atypical ductal hyperplasia, 6 with ductal carcinoma in situ, and 1 involved by lobular carcinoma in situ. There were 10 papillary carcinomas, including 3 carcinomas arising within papillomas. Three cases had features of the solid variant of papillary carcinoma, including one arising within a papilloma, and two with invasion. Four of the papillary carcinomas were accompanied by an invasive component, including one with tubulopapillary features and one microinvasive (o1 mm invasion). The cross-sectional diameter of papillary lesions ranged from 0.1 to 1.5 cm, average 0.4 cm.
Mutational Analysis
Papillary neoplasms were screened for hotspot point mutations in AKT1, PIK3CA, KRAS, HRAS, and NRAS using mass spectroscopy. Mutations were confirmed with PCR followed by HPLC assays, or direct sequencing. Eight cases were screened primarily by HPLC, with sequence confirmation. In one case, confirmatory analysis was unsuccessful; in all others there was complete concordance with the initial mass spectroscopy result.
Of 89 tested papillary lesions, we identified AKT1 E17K mutations in 27 cases (30% , Tables 1 and 2 , Figures 1 and 2) . A further 21 (24%) cases had PIK3CA exon 20 kinase domain mutations, including 18 H1047R and 3 H1047L mutations (Tables 1  and 2 , Figures 1 and 2) . Interestingly, we identified only four cases (5%) with PIK3CA exon 9 helical domain mutations, with two E542K and two E545K (Tables 1 and 2 , Figure 1 ). Other PIK3CA mutations included one case with a mutation in exon 4 (N345K, C2 domain), and one case with multiple exon 13 kinase domain mutations (Tables 1 and 2 ). Invasive breast carcinomas with multiple PIK3CA mutations have been previously reported, [13] [14] [15] [17] [18] [19] though this case appears unique in its mutational profile. Overall, a total of 54 of 89 papillary lesions (61%) had mutations in the PIK3CA/AKT pathway. In addition, two cases had mutations in RAS family proteins, with one HRAS G12D mutation and one NRAS Q61H mutation (Tables 1 and 2 , Figure 2 ). The case with NRAS mutation also had PIK3CA exon 13 mutations, as listed above. Forty-five cases were screened for RAS family mutations, using the full OncoCarta panel, which also encompasses hotspot mutations in ABL1, AKT2, BRAF, CDK, EGFR, ERBB2, FGFR1, FGFR3, FLT3, KIT, JAK2, KRAS, MET, PDGFRA, and RET; no mutations were identified in any of these other genes.
Correlation of Mutation Status with Histopathologic Features
The majority of AKT1 mutations were identified in papillomas with no more than mild epithelial hyperplasia; there were 15 such cases among the 27 total AKT1 mutations (56%). Nevertheless, we did identify AKT1 mutations in papillomas with atypical ductal hyperplasia or ductal carcinoma in situ (three cases each). Only a single carcinoma case was found to have an AKT1 mutation (Tables 1 and 2 , Figures 1-3) .
In marked contrast to AKT1, PIK3CA exon 20 mutations were preferentially found in papillomas with moderate to florid epithelial hyperplasia. Of 21 PIK3CA exon 20 mutations, 12 were seen in papillomas with hyperplasia (57%). Only four papillomas with no to mild hyperplasia had PIK3CA exon 20 mutations (20%). The difference in frequency of AKT1 mutations vs PIK3CA exon 20 mutations between benign papillomas with and without epithelial hyperplasia was statistically significant (P ¼ 0.0064). PIK3CA exon 20 mutations were also identified in five cases of papillomas with atypical hyperplasia (5/11, 46%), but none with ductal carcinoma in situ. PIK3CA exon 20 mutations were not identified in the 10 papillary carcinomas tested (Tables 1 and 2 , Figures 1-3 ). Other PIK3CA hotspot mutations (exons 4, 9, 13) were found distributed among papillomas with and without epithelial hyperplasia, and seen in a single case of papillary carcinoma.
RAS family mutations were screened in 45 of the 89 papillary tumors and were found only in carcinoma and papillary neoplasms with epithelial atypia. RAS mutations were not identified in any benign papillary lesions.
Interestingly, among the 10 carcinomas, only 3 PIK3CA/AKT pathway mutations were identified. The carcinoma with an AKT1 mutation (case 86) had a background of papilloma, as shown by focal residual myoepithelial cells on p63 and calponin immunohistochemical staining. The case with PIK3CA exon 9 mutation was an encapsulated papillary carcinoma. The papillary carcinoma with multiple PIK3CA exon 13 mutations and NRAS mutation had tubulopapillary features and an extensive invasive component. Seven papillary carcinomas were wild type for tested mutations (six screened with full OncoCarta mutation panel and one with HPLC). The percentage of papillary carcinomas with PIK3CA/AKT pathway mutations (3/10, 30%) was considerably lower than in benign or atypical papillary neoplasms. The difference in frequency of combined PIK3CA and AKT1 mutations between papillomas without atypia and papillary carcinomas was statistically significant, despite the relatively small numbers of carcinomas analyzed (P ¼ 0.0425). Papilloma with atypia, CIS (N ¼ 18)
ADH: atypical ductal hyperplasia; CIS: carcinoma in situ; DCIS: ductal carcinoma in situ; LCIS lobular carcinoma in situ. a Includes one case with NRAS Q61H and PIK3CA exon 13 mutations; thus, seven papillary carcinoma cases were wild type.
Correlation of Mutational Status and Histopathologic Features with Estrogen Receptor Expression
A subset of papillary neoplasms was stained immunohistochemically for estrogen receptor and scored for percent nuclear positivity (0-100%) as well as staining intensity (0-3 þ ). A product score was calculated as the percent positive nuclei multiplied by stain intensity. The average product score did not differ among papillary neoplasms with AKT1 mutation, PIK3CA mutation, or wild-type gene status (Table 3) . Further, estrogen receptor staining was also analyzed by histopathologic type of papillary neoplasm and showed the expected variability, with strong uniform staining of papillary neoplasms with atypical ductal hyperplasia and low-grade carcinoma, and variable staining in epithelial hyperplasia (Table 3) .
Discussion
Because precursors of infiltrating breast carcinoma, such as ductal carcinoma in situ, and even atypical ductal hyperplasia, have been shown to exhibit key genetic changes in common with carcinoma, 20, [33] [34] [35] [36] [37] [38] we sought to investigate the relationship of papillary lesions to the spectrum of breast premalignant lesions by analyzing kinase mutations. Point mutations in PIK3CA and AKT1 are relatively common in breast carcinoma (average 25 and 4%, respectively), [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] and are located in a small number of 'hotspots', many of which have transforming capabilities in vitro. 21, 26, [39] [40] [41] Further, we have previously shown that PIK3CA and AKT1 mutations are present in ductal carcinoma in situ.
20
In this study, we screened papillary lesions for common mutations in AKT1 and PIK3CA, and found that benign papillomas (defined as papillomas without atypia, ductal carcinoma in situ or carcinoma) have an unexpectedly high frequency of AKT1 mutations (33%, 20/61). We also found PIK3CA mutations in 33% of benign papillomas (20/61). Overall, 66% of benign papillary breast lesions had a PIK3CA or AKT1 mutation (40/61). In contrast, papillary carcinomas have a lower rate of mutation in the PIK3CA/AKT pathway (30%; P ¼ 0.0425). The one example of a papillary carcinoma with an AKT1 mutation could have arisen within a background of papilloma, as discerned by the presence of focal residual myoepithelial cells. Because most papillary carcinomas lack PIK3CA or AKT1 mutations, it is unlikely that they could have developed from mutation-positive papillomas. These findings suggest that although some papillary carcinomas may be seen in association with benign papillomas, many other papillary carcinomas may arise through a different molecular pathway. The relationship of papillomas without PIK3CA or AKT1 mutation, if any, to the subsequent evolution of papillary carcinoma or invasive carcinoma remains to be determined.
Likewise, the 30% frequency of papillary neoplasms with AKT1 (27/89) mutations is far greater than has been reported in the literature for infiltrating breast carcinoma (generally on the order of 4%). 19, [21] [22] [23] We also observed a markedly different distribution of PIK3CA mutations in papillary neoplasms, as compared with invasive carcinoma. Meta-analysis of the literature shows that approximately 39% of PIK3CA mutations in invasive breast carcinoma are exon 9 hotspots (helical domain, E542/5K), 54% are exon 20 mutations (kinase domain, H1047R/L) and 6% are mutations at other sites (http://www.sanger.ac.uk/genetics/CGP/cosmic/). [13] [14] [15] [16] [17] [18] [19] [20] In contrast, of PIK3CA mutations in papillary neoplasms, we found that the vast majority were exon 20 H1047R/L (77%) with only 15% in exon 9. Further, there was an apparent propensity for PIK3CA H1047R/L exon 20 mutations in papillary lesions with moderate to florid epithelial hyperplasia; more than half of the PIK3CA exon 20 mutations were found in this histologic category ( Figure 3) . We previously identified a PIK3CA H1047R mutation in one of two tested cases of florid usual ductal hyperplasia, from a patient with invasive ductal carcinoma and ductal carcinoma in situ harboring the same mutation. 20 The place of usual ductal hyperplasia, if any, along the spectrum of premalignant lesions in breast carcinogenesis is also quite controversial. On the basis of molecular data, primarily loss of heterozygosity and comparative genomic hybridization studies, a number of authors have shown clonal chromosomal aberrations in usual ductal hyperplasia, though they occur at lower frequency, with fewer alterations per lesion, as compared with atypical ductal hyperplasia, ductal carcinoma in situ, and invasive carcinomas; other studies have shown identical chromosomal changes in usual ductal hyperplasia and accompanying invasive carcinoma. 37, [42] [43] [44] [45] [46] [47] [48] Investigation of activating point mutations in PIK3CA, AKT and other cell signaling pathways in usual ductal hyperplasia, and other breast precursor lesions such as atypical ductal hyperplasia and columnar cell change, should be instructive in further characterizing the divergent molecular and histologic pathways of breast cancer evolution.
Mutations in small GTP binding proteins of the RAS family are relatively rare in breast carcinoma, although RAS signaling is frequently upregulated by other mechanisms. 49, 50 We found two cases with RAS family hotspot mutations, including one papilloma with atypical ductal hyperplasia and one papillary carcinoma. The RAS mutations identified in papillary neoplasms (codon 12, P-loop; codon 61, switch II domain) block GTP turnover and thus lock the protein in the active, GTP-bound state. 50 Interestingly, in a preliminary report from Esposito et al 51 , an HRAS Q61R (CAG-AAG) mutation was noted in 2 of 3 papillary carcinomas, whereas 10 papillomas (4 with atypia or ductal carcinoma in situ) were negative for mutations in HRAS or NRAS codon 61, as well as codons 12/13 of KRAS, and the BRAF V600E substitution. Taken together, these studies suggest that mutation of RAS family members may play a key role in papillary carcinoma; however, confirmation will require study of larger numbers of cases.
In summary, our data suggest that AKT1 or PIK3CA mutation plays a role in the majority of benign papillary neoplasms of the breast. Further, our findings suggest that papillary carcinomas develop along a molecular pathway somewhat divergent from most benign papillary proliferations. Product score ¼ staining intensity (0-3+) multiplied by percent of nuclei staining. Diffuse estrogen receptor staining defined as 475% of nuclei. a Statistically significant difference between papilloma with epithelial hyperplasia and papilloma with atypia-carcinoma in situ (P ¼ 0.004), and between papilloma with epithelial hyperplasia and papillary carcinoma (P ¼ 0.009). Other pair-wise comparisons, including by mutation status, nonsignificant.
